mechanics of mitosis requires methods of studying not just each component † Department of Physics, University of Illinois at in isolation, but also the entire ensemble of components in its full complexity in four-dimensional microscopy data sets that allows us to measure elasticity, viscosity, and forces by tracking the conformational movements Correspondence: Wallace Marshall of mitotic chromosomes. We have used this approach to measure, for E-mail: wallace.marshall@yale.edu the first time, the basic biophysical parameters of mitosis in wild-type Drosophila melanogaster embryos. We found that Drosophila embryo Conclusions: Motion analysis allows noninvasive mechanical measurements to be made in complex systems. This approach should allow the functional effects of Drosophila mitotic mutants on chromosome condensation, kinetochore forces, and the polar ejection force to be determined.
Background
time-lapse three-dimensional image sequences [1-4], pro-A major challenge of modern cell biology is to study comvides an excellent opportunity to collect massive datasets plex systems in an intact state. In the postgenomic era, revealing movements in living cells. These data are potenthe dissection of cellular processes at the molecular level tially a rich source of information about mechanics bewill soon become so complete that the most important cause movements seen in such images reflect the underlyremaining questions in cell biology will no longer directly ing mechanics. But this poses a formidable bioinformatics concern molecules themselves, but rather the emergent challenge -how to extract meaningful quantitative inforproperties that result from interactions within large netmation about mechanics from 4D image sequences. The works of molecules. Gene array expression-profiling techcurrent availability of several commercial 4D microscopy nologies have begun to address such interactions at the systems, and the low cost of computer power, suggest level of logic and information flow, for instance in tranthat the time is now ripe to answer this challenge. scriptional regulatory networks, by allowing simultaneous analysis of time-varying expression levels for large numOur initial efforts to measure cellular mechanics from bers of genes in vivo. But many cellular processes, such 4D image data have focused on mitosis. Mitosis is an as motility and cell division, are less informational and essentially mechanical process, and mechanical measuremore mechanical in nature, so that there remains a pressments using micromanipulation have been crucial in ing need for comparable tools to simultaneously analyze advancing our understanding of its mechanism. Unformechanical interactions of large numbers of cellular comtunately, the cells most amenable to direct micromanipuponents in intact cells.
lation, such as grasshopper spermatocytes, are not genetically tractable, while the nuclei of major genetic model Four-dimensional (4D) microscopy, the acquisition of organisms, such as Drosophila, are so small and compact as to make micromanipulation experiments virtually impossible. Moreover, micromanipulation is invasive and raises concerns about perturbations to the system, and it is inherently limited to measuring forces at one or two positions and thus cannot be used to make simultaneous measurements throughout an entire cell.
We have developed a set of computational tools to derive mechanical measurements from noninvasive observation of three-dimensional movements of mitotic chromosomes in live cells. Using our 4D motion analysis approach, we have measured the fundamental mechanical properties characterizing mitosis in Drosophila embryos. These properties include chromosome flexibility, kinetochore force, nucleoplasmic viscosity, and the polar ejection force. The values we obtained for kinetochore force and nucleoplasmic viscosity are comparable to measurements previously reported in careful studies on newt lung epithelia [5] [6] [7] and grasshopper spermatocytes [8, 9] , while elasticity measurements indicated that Drosophila embryo chromosomes were much less rigid than grasshopper or newt chromosomes. In addition to these measurements, which have previously been made on other organisms, our approach also allowed us to measure the magnitude of the individual force-generating events underlying the polar ejection force. The magnitude of polar ejection force obtained by this analysis is consistent with that generated by the polymerization of single microtubules or by single kinesin motors.
This approach opens the door to combining 4D analysis with the power of Drosophila genetics to study how individual gene products contribute to the biomechanics of mitosis. Our technique is of course not limited to chromosomes, and thus the present report defines a new way to use microscopy to study in vivo subcellular biomechanics.
Time-lapse three-dimensional images of chromosomes in living Drosophila embryos are viewed as stereo pairs. The scale bar represents 2 m.
Results

Computational analysis of four-dimensional chromosome motion
Our basic approach is to infer the dynamics of chromoand methods). Computational motion estimation has presomes, i.e., the forces acting on them, from their kinematviously been used with great success to track chromosome ics; that is, their observed movements. The essential first movements [10] , but the block-matching optical flow algostep is to collect quantitative motion data. We visualize rithm employed was limited to tracking chromosome segchromosomes in vivo by injecting Drosophila embryos with ments such as kinetochores, which appeared visually disfluorescently labeled histone protein [2] and collect imtinct from the rest of the chromosome. Most segments of ages using four-dimensional widefield-deconvolution flua mitotic chromosome arm look identical and cannot be orescence microscopy (see Materials and methods). This tracked by such a pattern-based motion analysis algoresults in a time-lapse series of three-dimensional images rithm. In our approach, we interactively trace the chromoin which the chromosomes are clearly resolved (Fig- some in three-dimensional images to find curves that each ure 1).
represent a single chromosome (Figure 3 ). The motion estimation problem then reduces to a matching problem To analyze motion in these images, we have developed an in which we attempt to find the optimal mapping between algorithm (Figure 2 ) capable of tracking the movements of the set of curves at time t and the set of curves at time t ϩ 1 (see Materials and methods). From this mapping a set of nonrigid chromosome-like objects (see Materials 
Chromosome elasticity
Chromosome elasticity is a quantitative reflection of the interactions that hold the chromosome together, and it can thus provide physical insights into mitotic chromosome architecture. Using our motion analysis results, we can measure chromosome elasticity based on the thermally driven fluctuations in chromosome curvature. A similar approach has previously been used to measure elasticity of microtubules [11] and in vitro assembled Xenopus chromatin [12] . One complicating factor in making such measurements on mitotic chromosomes in vivo is that it is expected that the polar ejection force, by randomly pushing the chromosome arms around, causes curvature fluctuations above and beyond those caused by collisions with thermally excited solvent particles. To circumvent this complication, we injected embryos with colchicine to depolymerize all microtubules. We saw that the chromosome bending motions were substantially reduced by this treatment, and we assumed that any remaining movements were thermal fluctuations, i.e., were due to collisions with thermally excited solvent molecules. These experiments were all done at metaphase.
The bending angle at each point is defined by the angle between successive tangent vectors spaced 1 m apart (see Materials and methods), and we computed the variance of this angle over time. The thermally-driven variance in bending angle (in radians) of an elastic rod [13] is given by
where s is the arc length between tangent vectors (1 m), k is Boltzmann's constant (1.4 ϫ 10 Ϫ23 J/K), T is the absolute temperature, and B is the bending modulus. Our We also found that the variance in the bending angle for chromosomes in metaphase cells untreated with colchicine was 0.062 Ϯ 0.003, implying that chromosomes undergo much more extensive bending in the presence of we can determine the three-dimensional movements of microtubules (see below). every point on every chromosome. The resulting set of motion vectors is a rich source of mechanical data, implicFrom the bending modulus we can obtain the Young's itly containing enough information to compute chromosome elasticity, kinetochore force, and effective nuclear modulus, Y, which is a size-and shape-independent measure of the intrinsic elasticity of a material, in this case viscosity. condensed chromatin. For a cylinder of radius R, the chromosomes may imply that they are less compact than Young's modulus Y is related to the bending modulus B in other species, possibly a result of the extremely short by the relation duration of mitosis.
Anaphase kinetochore force
For metaphase chromosomes in embryos injected with The forces exerted by the spindle on the kinetochore colchicine, R is measured to be 0.38 Ϯ 0.04 m, so Equaprovide insights into the molecular mechanism of force tion 2 gives a Young's modulus of 38 Ϯ 20 Pa. We note generation. Based on the observed shape of anaphase that this calculation assumes that the chromosomes are chromosomes, we can use Young's modulus to compute isotropic and cylindrical. Although metaphase chromothe force pulling on the kinetochore in anaphase. This somes are in fact a pair of parallel sister chromatids, under method has recently been described by Houchmandzadeh our imaging conditions we cannot resolve the pair, and et al. [6] , who show that to a first approximation the chromosomes appear cylindrical.
where F is the anaphase kinetochore force, R a is the radius By comparison, micromanipulation experiments [9] indiof the anaphase chromosome, and X is the through-space cated a Young's modulus of 430 Pa for grasshopper chrodistance between the chromosome ends ( Figure 2e ). In mosomes. Experiments using micropipette aspiration [6] three-dimensional images of anaphase chromosomes, we gave an upper bound of 1000 Pa for prometaphase newt have measured the average distance between anaphase chromosomes; more recent static mechanical measurechromosome ends to be X ϭ 1.15 Ϯ 0.26 m, and we ments on the same system gave a modulus of 250 Pa [7] . The lower Young's modulus for Drosophila embryo measured the average radius of an anaphase chromosome to be R a ϭ 0.19 Ϯ 0.04 m. In order to avoid any effects orders of magnitude less than the maximum stall force of the kinetochore. These findings thus support the concludue to resistance from sister chromosome connections, sion that kinetochores are able to generate far larger forces we only made measurements on nuclei in which the pairs than they typically do. of chromatids could be seen to have separated completely. Given our measured value for Y of 38 Pa, from Equation
Nucleoplasmic viscosity
3 we calculated the average force pulling on the kinetoThe viscosity of the nucleoplasm plays an important role chore in anaphase to be F ϭ 0.7 Ϯ 0.4 pN. We note that in determining the displacements produced by forces actthis analysis assumes that the bending modulus of the ing on chromosomes. Viscosity also provides an indication chromosome is constant along its length. This assumption of the physical environment within the nucleus. We note is likely to be not strictly correct since the chromosome that the effective viscosity in the region of the mitotic may be significantly more flexible in the region of the spindle could well be different from that of the surcentromere. The anaphase force estimate reported here rounding cytoplasm due to hindrance both by the composhould therefore be treated as an upper bound; if the nents of the spindle itself and by additional protein struccentromere region of the chromosome is more flexible tures, such as the insoluble network of CP60 and CP190 than the arms, then a smaller force would be able to that remains in the nucleus during mitosis in Drosophila lead to the same reduction in the through-space distance embryos [15] . The viscosity experienced by chromosomes between the telomeres. This same anaphase chromosome in situ relative to that experienced in solution thus proshape analysis was used in newt lung epithelial cells [6] vides an indicator of large-scale structure in the spindle. and, combined with the value for the Young's modulus of mitotic newt chromosomes of 250 Pa [7] , yields an During anaphase, the chromosome movement caused by upper bound on the anaphase force in newt cells of 250 the kinetochore force F is resisted by viscous drag due pN. The much larger force observed for newt cells may to the movement of the chromosomes through the nucleocorrelate with the much larger overall cell, spindle and plasm. For movement at constant velocity, the kinetochromosome sizes, relative to those of Drosophila, alchore force is exactly balanced by the drag force. This though the value for newt chromosomes, like the value leads to the relation reported here for Drosophila, must be treated as an upper bound on the anaphase force given our lack of knowledge F ϭ v (4) of the flexibility of the centromere region.
where is the frictional drag coefficient and v is the velocity. Based on measured displacements between suc-A previous estimate of spindle force of 0.1 pN was obcessive images during anaphase, we estimate the average tained for grasshopper cells by Nicklas [8] , who multiplied velocity of anaphase chromosomes in Drosophila to be the anaphase velocity by an estimated friction coefficient 1.4 ϫ 10 Ϫ7 ms Ϫ1 . Therefore, given F ϭ 0.7 pN, by Equathat he obtained by assuming an effective viscosity of 100 tion 4 the frictional coefficient is ϭ 5 ϫ 10 Ϫ6 Kg s
Ϫ1
. cP (1 cP ϭ 10 Ϫ3 Pa·sec), a value 100 times greater than the viscosity of water. In an elegant study of mitosis in
For an ellipsoid that is dragged end-on through a viscous newt cells, Alexander and Rieder [5] used the same apliquid medium, the frictional coefficient can be related proach to obtain a spindle force of 10 pN during early to the viscosity by the relation prometaphase, but in this case they inferred an average
viscosity of 282 cP by measuring the Brownian motion of 0.4 m particles in the cytoplasm. To make a strict where is the viscosity, a is half the length of the ellipsoid, comparison, we note that the 10 pN force measured by and b is the radius [16] . Drosophila has a haploid compleAlexander and Rieder were based on rapid prometaphase ment of three major chromosomes, two of which (chromochromosome movements, which occur with a velocity some 2 and chromosome 3) are metacentric and one of roughly 10 times greater than in anaphase. This suggests which (X) is telocentric. The anaphase force estimates that the anaphase kinetochore force in newt cells is probawere based on the shape of metacentric chromosomes bly on the order of 1 pN rather than 10 pN. Thus, our only. All anaphase chromosome arms in Drosophila are 6 value of 0.7 pN is quite comparable to these previously m long, regardless of whether they are on telocentric or reported values. Interestingly, in all cases the anaphase metacentric chromosomes, so a ϭ 3 m, and the radius kinetochore force estimates were several orders of magnib is just the radius R a measured for anaphase chromotude smaller than the maximum force that a kinetochore somes, 0.19 m. For a metacentric chromosome, a given can exert, which Nicklas measured to be 700 pN [9] . We kinetochore would be dragging two such arms through note that our measurement technique has the advantage the medium, so the effective frictional coefficient will be that it does not rely on an independent estimate for the twice that given by Equation 5. From these considerations viscosity, which can in principle be strongly size depenwe find that metacentric anaphase chromosomes behave dent [14] . Using this alternative approach, we still obtain as though they are moving in a liquid medium with an effective viscosity ϭ 0.2 Pa·sec (or 200 cP). For comparian upper bound on the force in anaphase that is several son, we note that the viscosity of water is 1 ϫ 10 Ϫ3 Pa·sec.
from its purely thermal value thermal such that Our viscosity measurement is virtually identical to the thermal / apparent ϭ 1 ϩ f 2 /kT (6) average viscosity of 282 cP previously estimated based on where f is the magnitude of the random force, and Brownian movements of small particles in the vicinity are the spatial correlation length and temporal correlation of the spindle [5] . This finding thus indicates that the times of the force, and is the viscosity (see Materials prometaphase force estimates calculated by Alexander and methods for derivation). and Rieder based on this viscosity are likely to be correct. However, as discussed above, our estimated anaphase
The spatial correlation distance can be approximated kinetochore force should be treated as an upper bound, as the average distance between adjacent microtubules and therefore our viscosity estimate must also be treated contacting a given chromosome. We take this distance to as an upper bound; the actual nucleoplasmic viscosity be in the order of 1 m based on electron micrographs could be lower.
of Drosophila embryo centrosomes [23] and fluorescence
Magnitude of the polar ejection force
images of Drosophila embryos during mitosis [24] . ConsidThe polar ejection force remains one of the least underering a simple model for force generation by growth of stood aspects of mitosis. There are presently two models microtubules, we take to be the time between additions to account for this force. One possibility is that chromoof subunits on individual microtubules. Assuming individsome-associated kinesin motor proteins may generate the ual microtubules in vivo grow at the previously measured ejection force [17] [18] [19] [20] . Alternatively, it has been proposed rate of 14.3 m/min [25] , and given that for a thirteenthat the ejection force could arise due to collisions with protofilament microtubule the addition of a single ␣␤ growing microtubules [21, 22] . We set out to test the tubulin dimer would cause the microtubule to elongate microtubule polymerization mechanism by asking whether by 0.6 nm, we obtained an average time between dimer the force generated by a single polymerizing microtubule additions of ϭ 2.5 ms. could be sufficient to account for the polar ejection force. If the ejection force generated by a microtubule exceeded Based on our calculations, we found that in the presence the maximum force of microtubule polymerization, this of microtubules, the persistence length is reduced from would argue strongly in favor of a motor-based mech-154 m to 32 m (see Materials and methods, Equation anism. 10), a factor of 4.8. Inserting these values into Equation 6, we estimate that the magnitude of individual polar This approach requires a way to measure the components ejection forces is approximately 1.1 pN. This force is in of the ejection force generated by individual microtubulethe range generated by single kinesin motors [26] [27] [28] , but chromosome interactions. It is therefore not sufficient to it is also comparable to the force that can be generated just measure the overall resulting movement of the whole by polymerization of a single microtubule (2-4 pN [29-chromosome. The fact that chromosome curvature fluctu-30]). We therefore conclude that the magnitude of the ations are greater in the presence of microtubules (see polar ejection force is equally compatible with either a above) implies that the individual force generation events simple microtubule polymerization-driven mechanism or underlying the polar ejection force exert random forces a kinesin motor-based mechanism. whose magnitude is significant compared to the forces exerted by collisions with thermally excited solvent partiThis estimate of the ejection force should be treated as cles (Brownian motion). This suggests a way to estimate an upper bound; that is, the actual ejection force could the magnitude of the contributions to the polar ejection be even lower. One reason is that, in addition to the force from each microtubule, namely treating them as ejection force, kinetochore movements also contribute to Langevin random forces, analogous to those exerted by the apparent bending motions of the chromosomes, so solvent particles during Brownian motion. We can use that the component of the bending fluctuations that is this Langevin approach to relate fluctuations in curvature due purely to the polar ejection force may be somewhat to the magnitude of the applied random force.
less than the total bending fluctuations observed. Another reason our estimate should be treated as an upper bound To compare curvature fluctuations in the presence or is that we have used a corresponding to single tubulin absence of microtubules, we measured the persistence dimer addition. If were larger, e.g., if multiple dimers length (see Materials and methods), which is a measure were added during one event, a smaller value for the of the spatial scale over which bending motions are correejection force would result. Finally, as discussed above, lated. By comparing the persistence length in normal emthe viscosity estimate employed here is itself an upper bryos to those in which the microtubules were depolymerbound on the actual viscosity, and if the viscosity were ized by the injection of colchicine, we could estimate the lower, a correspondingly lower ejection force magnitude magnitude of individual polar ejection force-generating would suffice to generate the fluctuations observed. We events. For an elastic rod experiencing a set of random forces, the apparent persistence length apparent is reduced stress that even our maximum upper bound for the ejec-roles in kinetochore force generation (as derived from the that data obtained from modern multidimensional timelapse microscopy on living cells also contains information tion force magnitude is still consistent with known microabout forces and elastic properties. In particular, the contubule polymerization forces, so that even if the ejection formational dynamics of cellular structures provides a diforce were significantly lower than our estimate it would rect indication of their mechanical properties. The present not change our fundamental conclusion that the magniwork illustrates one example of how intracellular forces tude of this force is compatible with either motor-or can be calculated from the movement of subcellular strucpolymerization-driven force generation.
tures. This type of kinematic analysis has proven invaluable in astronomy, for example in determining the princi-
Discussion
ples governing the motion of planets, a case obviously
Chromosome mechanical measurements not amenable to direct experimental manipulation. When in a genetic model organism applied to cell biology, this approach gives us potentially Our four-dimensional motion analysis approach has allarge advantages in circumventing the difficulties and polowed us to make the first mechanical measurements on tential artifacts of micromanipulation. We and others [5, mitotic chromosomes in Drosophila embryos. Mitosis in 8, 10] have shown this to be the case for chromosome Drosophila embryos has always been considered unusual mechanics, and a recent study has shown the power of because of its speed. The entire process from nuclear motion analysis in studying the transport of vesicles [32] . envelope breakdown to nuclear reassembly takes less than
Within the next decade, we expect that the determination 30 min. One might expect that the short time allotted of mechanics from motion analysis will become a routine for chromosome condensation might result in a less rigid cell biological tool. chromosome. Likewise, greater forces might be exerted during anaphase to reduce the time spent pulling chromo-
Materials and methods
somes apart. Table 1 0.1 m on a side. Labeling and imaging did not perturb the embryo; after imaging, embryos were maintained in humid chambers and found to develop and hatch normally and on time at the same rate as control
The power of Drosophila genetics allows the identification embryos injected with buffer and not imaged. During imaging, successive of mitotic mutants and reveals gene products that play a mitoses remained synchronized, and abnormalities indicative of DNA role in mitosis [31] . Given that mitosis is a fundamentally damage, such as anaphase bridges, were not observed. Following data collection, out-of-focus light was removed by constrained iterative deconmechanical process, many of these gene products are volution [33] . 4D image visualization and manipulation was done with likely to play a predominantly mechanical role, either by the IVE software platform [34] . We interactively traced chromosome exerting forces directly on the kinetochores or indirectly arms by using interactive modeling software [34] to provide backbone on the arms or by acting as structural components of traces. Backbone tracing is done manually by stepping through optical sections and using a cursor to designate the apparent center of the the spindle or chromosomes. Our approach for measuring chromosome in each section. Successive center points are stored in a these mechanical properties in Drosophila is relatively list and used to define the backbone path. We note that while in principle noninvasive and easy to carry out. Thus, it should be the metaphase chromosome is actually a pair of parallel sister chromatids, quite feasible to apply this analysis to the entire collection under our imaging conditions we cannot resolve the two sisters, and the chromosome generally looks cylindrical in cross section.
of Drosophila mitotic mutants and to ask which genes play
Algorithm for three-dimensional nonrigid motion analysis Dynamical model for thermal and random motor-driven
We have previously described an algorithm for tracking the motion of a set bending fluctuations of nonrigid, elongated objects such as chromosomes by using simulated We seek a model of bending fluctuations of an elastic filament, bent by annealing [35] . Each object was represented as a backbone trace, which both thermal and nonthermal microtubule/motor forces. Thermal forces reduced the motion estimation problem to a problem of mapping one are characterized by very short time (psec) and short distance (0.1 set of curves onto another. The correct mapping was defined as that nm) correlations due to their origin in molecular motion. By contrast, which minimized the total mean-squared displacement between all microtubules and motors undergo processive driven reactions over dismapped curves.
tances of many nm. They can be expected to generate bursts of force with relatively long time correlations and with spatial correlations correIn the current implementation of this algorithm (Figure 2) , backbones sponding to the typical spacing between tubules or active motors. are interactively traced for each chromosome arm, and then the trace is resampled at uniform intervals of 0.1 m along the curve. For chromo-
The simplest equation of motion that takes all these factors into account some arm m at time t, we define the position of the chromosome segment is one that is essentially the standard thermal bending fluctuation model at interval i along the arm by the position vector r(m, t, i). The number for stiff-rod polymers such as short dsDNAs, or actin filaments [37] , plus of intervals sampled for a given arm m at time t is N(m, t). Next, we non-thermal fluctuating driving forces. Chromosome motion is described individually consider every possible pair (m, n) of chromosomes arms at by the displacement u(x, t) of the chromosome from its relaxed, straight time t and t ϩ 1, respectively, and compute the mean-squared distance configuration, which is a function of distance along the chromosome x, between the arms as and time t:
where N min ϭ min[N(m, t), N(n, t ϩ 1)]. We now consider the entire set where is the viscosity, A is the bending stiffness, k is Boltzmann's A(t) of chromosome arms at time t. The solution to the motion estimation constant, T is the absolute temperature, and f and are the magnitude problem will be a mapping f of arms at time t onto arms at time t ϩ 1, and spatial-correlation distance, respectively, of the nonthermal random f:A(t) → A(t ϩ 1) so that given a mapping, we say that arm m at time t force. maps onto arm f(m) at time t ϩ 1. We define the optimal mapping f opt as the one that minimizes the total mean-squared distance Note that although u in principle has two components, one in the plane of view and the other out of the plane, we consider only one component
for simplicity, and the main results are not changed by this simplification. We also note that a similar model was introduced to describe cell membranes driven by nonthermal forces [38, 39] . To find f opt at each time interval, we iteratively compute the value of d tot for every possible mapping f.
Each term in Equation 11 is a contribution to the net force per length on the chromosome; inertia is neglected, as is usual in colloid and Once we obtain the optimal mapping, it becomes possible to track the polymer physics [40] since the times at which free (inertial) motion occurs value of any function of position along the arm, such as curvature, and (‫ف‬psec) are far smaller than the time scales we observe experimentally measure its fluctuations over time. For computing fluctuations in curvature (‫ف‬sec). The first term, proportional to the velocity of the chromosome we determine curvature by a simple sliding-leg technique. For each point point at (x, t), is the drag force per unit length, and therefore is i on a chromosome arm m, we locate two points j and l on the same approximately the viscosity of the fluid surrounding the chromosome. arm such that j ϭ i Ϫ 10 and l ϭ i ϩ 10 which, because the sampling The second term is the force that tends to make the chromosome interval is 0.1 m, implies that points j, i, and l are separated from each straighten out due to its bending elasticity, described by the bending other by a total contour length of 1 m. We then compute the two stiffness A [41] . These first two terms describe the overdamped motion successive tangent vectors u ϭ r(i, m, t) Ϫ r(j, m, t) and v ϭ r(l, m, t) Ϫ of an elastic filament moving through a viscous medium. r(i, m, t). The angle between these tangents at point i can then be found as
The final two terms describe the random thermal and nonthermal motor/ (i, m, t) ϭ cos Ϫ1 {u · v/||u||||v||} (9) microtubule wind forces, respectively. The thermal force has zero mean, and its correlation function is Ͻ(x, t) (xЈ, tЈ)Ͼ ϭ ␦(x Ϫ xЈ) ␦(t Ϫ tЈ), For each sampled point, traced over time, the average curvature is i.e., the thermal force is taken to have zero-range correlations in space calculated over the entire time-series and used to compute the variance and time. The amplitude of the thermal random force term is determined in curvature for that one point. The overall variance in curvature was by the requirement that thermal equilibrium be reached, and it depends then calculated by averaging the variances of all points on all chromoon the absolute temperature T. somes, based on the simplifying assumption that the bending modulus is similar for all chromosome segments.
The final fluctuating driving-force term is taken to have zero mean (in this treatment we consider only the period of metaphase, at which time One possible source of error is the interactive tracing of the chromosome there is no net drift of chromosomes through the cell) and finite-ranged backbone. Because this method relies on the user manually positioning correlations, with Ͻ(x, t) (xЈ, tЈ)Ͼ ϭ exp[Ϫ|x Ϫ xЈ|/] exp[Ϫ|t Ϫ tЈ|/]. the cursor in the apparent center of the chromosome cross section,
The length and time represent the distance and time over which random variation in exactly where a user positions the cursor during microtubule growth or motors processively generate a force burst. In tracing could produce spurious variations in curvature. To estimate the the case of microtubule growth, corresponds to the typical distance contribution from such errors, a chromosome arm at a single time point between adjacent microtubules pushing simultaneously on a chromowas traced 11 separate times, and the same algorithm was used to some, while would represent the duration of a single push imparted measure the bending-angle variance. The variance in bending angle for by one of those microtubules to the chromosome. The overall amplitude a repeatedly traced arm was found to be just 0.002 Ϯ 0.0002, a much f is the average force contributed by a microtubule or motor during a smaller value than those measured in colchicine-treated or untreated single processive push. embryos. This result implies that the process of interactive chromosome tracing is not a significant source of error.
This kind of equation is solved by the conversion of u(x, t) to its Fourier components u(q, ): We find the dynamic persistence length [36] 
